Abstract Most current long-term (decadal and longer) hydrological predictions implicitly assume that hydrological processes are stationary even under changing climate. However, in practice, we suspect that changing climatic conditions may affect runoff generation processes and cause changes in the rainfallrunoff relationship. In this article, we investigate whether temporary but prolonged (i.e., of the order of a decade) shifts in rainfall result in changes in rainfall-runoff relationships at the catchment scale. Annual rainfall and runoff records from south-eastern Australia are used to examine whether interdecadal climate variability induces changes in hydrological behavior. We test statistically whether annual rainfall-runoff relationships are significantly different during extended dry periods, compared with the historical norm. The results demonstrate that protracted drought led to a significant shift in the rainfall-runoff relationship in 46% of the catchment-dry periods studied. The shift led to less annual runoff for a given annual rainfall, compared with the historical relationship. We explore linkages between cases where statistically significant changes occurred and potential explanatory factors, including catchment properties and characteristics of the dry period (e.g., length, precipitation anomalies). We find that long-term drought is more likely to affect transformation of rainfall to runoff in drier, flatter, and less forested catchments. Understanding changes in the rainfall-runoff relationship is important for accurate streamflow projections and to help develop adaptation strategies to deal with multiyear droughts.
Introduction
Future climate projections indicate changing climatic conditions relative to the observed historical record can be expected in many regions [Hewitson et al., 2014] . Changed climatic forcing will change catchment runoff, with implications for water resources management [Milly et al., 2008] . In quantifying these changes, a common implicit assumption is that future catchment dynamics (relative importance of catchment processes) can be extrapolated from the past. While projected changes in climate will clearly have a direct impact on runoff similar to that observed in the past, it has also been hypothesized that a changing climate may induce changes in catchment response relative to historical behavior [Bl€ oschl and Montanari, 2010] , which would have significant implications for hydrologic prediction under future conditions [Peel and Bl€ oschl, 2011] .
Whether a sustained shift in climate can trigger change in catchment behavior is important for understanding how to predict future hydrologic conditions. Insight into this challenge can be gained through exploring areas where local or regional climate has changed substantially for an extended period of time. For example, in Western Australia, rainfall reductions since the 1970s [Bates et al., 2008] led to a dramatic decline in streamflow [Power et al., 2005] . As the dry period extended, a delayed step change in catchment response was observed and the emergence of a new hydrological regime has been demonstrated [Petrone et al., 2010] . Another case where an unexpectedly large reduction in runoff to a long-term shift in climate has been reported is the prolonged Millennium drought recently experienced throughout South-eastern Australia. The Millennium drought (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) has been claimed to be the worst on record in the region [CSIRO, 2012; Van Dijk et al., 2013] and led to major water crises where agricultural production was severely affected and water storages greatly depleted. Stringent restrictions were placed on urban water users and water supply augmentations, typically desalination plants, were prompted for major urban areas [Heberger, 2011] .
During the Millennium drought observed runoff reductions could not be fully explained by rainfall reductions, as streamflow declined more during the drought than in past years with comparable rainfall Water Resources Research PUBLICATIONS reductions, and more than was predicted by conceptual rainfall-runoff models [Chiew et al., 2014; Kiem and Verdon-Kidd, 2010; Van Dijk et al., 2013] . Estimates of the proportion of streamflow reduction directly related to rainfall reduction range between 52% (a data based analysis by ) and two-thirds (a model-based analysis by Potter and Chiew [2011] ). Estimated average return periods for the meteorological and hydrological droughts over this period are also inconsistent with each other. From a meteorological perspective (i.e., in terms of rainfall deficits), the average return period of the Millennium drought has been estimated to range from 50 years [Potter et al., 2010] to between 200 and 300 years [Hunt, 2009] , depending on the method used. However, the associated hydrologic drought (i.e., the consequent runoff reductions) was much more severe, with average return period estimates ranging from 300 years [Potter et al., 2010] to 1500 years [Gallant and Gergis, 2011] . Both the unexplained runoff reduction and inconsistent return periods suggest that hydrologic response may have changed during the Millennium drought.
In any dry year, or group of dry years, runoff is expected to reduce to some extent due to the reduced rainfall. Dry years also generally have increased evaporative demand as they are associated with anticyclonic conditions with clear skies, increased surface radiation, and warmer temperatures, which enhance potential evapotranspiration and might further reduce runoff. The catchment response to these climatic features is represented in the historical streamflow record during dry periods. In water-limited environments, the percentage reduction in rainfall is amplified in the percentage change in streamflow. A proportional rainfall reduction usually results in a 2-3 times larger proportional reduction in runoff [Chiew et al., 2006] , and this ratio of proportional changes is known as the precipitation elasticity of streamflow [Sankarasubramanian et al., 2001] .
To illustrate this point further, the annual rainfall-runoff relationship can be used (Figure 1 ). This relationship is a simple yet versatile statistical model that represents a range of catchment responses during wet, moderate, and dry years, which aggregates catchment processes at the annual time step and is a signature of a catchment's rainfall-runoff response. The curve depends on the catchment's climatic and biophysical characteristics, including soil, vegetation, and groundwater. The lower part of this curve represents the catchment behavior during dry years. We can use the rainfall-runoff relationship to investigate potential changes in catchment hydrologic response to prolonged drought. Consider the case of a sustained decrease in rainfall, like the Millennium drought. If the rainfall-runoff response plots with the existing data, from other dry periods, this indicates that the hydrological processes are consistent with other dry periods. In contrast, if the rainfall-runoff response plots away from the existing data, this indicates the hydrological processes are different to other dry periods.
What might cause such a change in rainfall-runoff relationship? There are two general possibilities: (1) factors exogenous to the catchment like climate forcing (other than changes in annual rainfall totals); and (2) endogenous factors within the catchment. Exogenous factors that could influence the transformation of rainfall to runoff include persistent changes in average temperatures, humidity, wind speed, rainfall seasonality, or intensity for a given annual rainfall. The endogenous factors include persistent changes in the physical properties of the catchment-its soil condition, groundwater levels, or vegetation that could influence the transformation of rainfall to runoff. From a water balance perspective, the first group of factors mainly impacts potential evapotranspiration (PET) and by this could influence actual evapotranspiration (AET), whereas the second group does not affect PET, but could directly affect AET and catchment moisture storage. Both exogenous and endogenous factors operate over a variety of timescales and we can examine the effects of persistent dry conditions on the rainfall-runoff relationship by studying observed long-term droughts. In addition to useful insight into hydrologic response timescales, this approach may also improve our understanding of likely hydrologic response to climate change. Short-term and persistent rainfall shifts can be accompanied by changes in exogenous factors associated with the reorganization of global-scale and regional-scale climate processes, and the movement of large-scale atmospheric circulation systems [Giuntoli et al., 2013; Lu et al., 2007; Seidel et al., 2008; Verdon et al., 2005] . For example, Verdon-Kidd and Kiem [2009a] found links between changes in large-scale climate modes and the prevalence of certain synoptic types at the interannual timescale during the Millennium drought. Exogenous factors including temperature [Cai and Cowan, 2008; Dai, 2011] , seasonality of rainfall departures [Van Loon and Van Lanen, 2012; Van Loon et al., 2014; Verdon-Kidd and Kiem, 2009b] , absence or presence of short wet spells [Andreadis et al., 2005; Parry et al., 2012; Potter et al., 2010] , and rainfall intensities [Verdon-Kidd and Kiem, 2009b] have been related to streamflow decline. However, changes in exogenous factors primarily related to PET may not necessarily translate into changes in AET, given that the factors influencing PET might work in opposite directions [Roderick and Farquhar, 2004] , e.g., effect of rising temperature can be offset by reduced wind speed , and AET itself is often moisture limited rather than energy limited. Therefore, the net effect of changes in exogenous factors on the rainfall-runoff relationship is unclear.
Drought-induced persistent changes in catchment soil condition, soil moisture, groundwater levels, or vegetation constitute endogenous factors. In a controlled modeling experiment, Van Lanen et al. [2013] found that the impact of groundwater systems on hydrological drought development is as important as climate. The groundwater system can buffer the propagation of meteorological drought to streamflow by sustaining streamflow during short dry periods and isolated dry years [Van Lanen et al., 2013] . However, if dry conditions persist for several years to decades, then the lack of recharge events is likely to cause falling groundwater levels. As a result, surface water-groundwater interactions are modified so that gaining conditions reduce, and losing or disconnected conditions become predominant [Brunner et al., 2009; Hughes et al., 2012; Kinal and Stoneman, 2012] . A shift between connected and disconnected states might progress through transitional states, or occur as a delayed step-change [Brunner et al., 2009; Hughes et al., 2012; Kinal and Stoneman, 2012; Petrone et al., 2010] . Either way, groundwater disconnection is a major change in catchment functioning which has the capacity to strongly impact the rainfall-runoff relationship.
Another candidate is catchment soil moisture, which is characterized by high temporal variability, limited storage, and relatively short memory (months) [Entin et al., 2000; Grayson et al., 1997; Western et al., 2002] . This would suggest that soil moisture response is not expected to differ between single year and multiyear droughts in many situations. Nevertheless, some studies have hypothesized a role of coupling between shallow groundwater tables and soil moisture in larger than expected streamflow declines during the Millennium drought [Chiew et al., 2014; Petheram et al., 2011] . The suggested mechanism depends on organized soil moisture patterns existing in conjunction with shallow groundwater tables. If the water table deepens over time during the drought, this could lead to an increased reduction in runoff for longer droughts.
Soil hydraulic properties can also change during dry conditions, especially if vegetation changes, which might also play a role in shifting the rainfall-runoff link. One example is the ''Sahelian paradox,'' the phenomenon of increased streamflow generation rates during a profound 40 year long drought [Descroix et al., 2009] . Vegetation degradation and soil crusting resulted in reduced water-holding capacity, which facilitated surface runoff generation and groundwater recharge [Descroix et al., 2009] .
Finally, drought-related changes in vegetation, such as widespread tree mortality [Breshears et al., 2005] or changes in species composition [Mueller et al., 2005] can also affect hydrological responses. Tree mortality under drought stress has been reported to result in both streamflow increases and decreases, in different studies [Adams et al., 2012; Guardiola-Claramonte et al., 2011] . Higher runoff than expected for a given rainfall could be explained by reduced transpiration if the regrowth is slow. Lower runoff than expected could be explained by higher mortality among mature trees compared with young trees or shifts in the species composition toward species more efficient in water extraction [Mueller et al., 2005; Vicente-Serrano et al., 2013] . While tree mortality might be associated with short but severe droughts, chronic stress is likely to increase tree mortality [Mueller et al., 2005] , which could lead to differences in rainfall-runoff response for short and long dry periods. In terms of timescale, ecosystems can resize their root zone in order to achieve sufficient moisture storage capacity to overcome droughts with 10-40 year return periods [Gao et al., 2014] . More severe droughts, or permanent climate change, could push an ecosystem beyond its resilience limit.
The above studies demonstrate that the rainfall-runoff relationship could potentially shift during some droughts and offer some possible mechanisms. conducted an initial assessment of this shift during the Millennium drought. They detected changes in the annual rainfall-runoff relationship in nearly two-thirds of their catchments using a partial F-test. This article builds upon the work of by using more rigorous statistical testing, exploring linkages between shifts in rainfall-runoff behavior and catchment and drought characteristics, extending the analysis to all droughts in the historical record and using four times as many catchments. Methodologically this study is more rigorous than Potter et al. [2011] in that it treats autocorrelation in the regression residuals, undertakes global significance testing across all catchments, and defines the start and end of the droughts individually for each catchment. Defining drought periods for individual catchments is important because there is variability in the precise onset and offset of drought between catchments.
This article is focused on the rainfall-runoff response to sustained drought conditions. It tests the hypothesis that the annual rainfall-runoff relationship shifts during prolonged dry periods, compared with the historical norm. In particular, three questions are investigated:
1. Do persistent (multiyear) dry periods result in a changed annual rainfall-runoff relationship, and if so, how often does this occur and what is the direction of these changes?
2. What catchment characteristics are more likely to be associated with a shift in the annual rainfall-runoff relationship?
3. What characteristics of the dry period are more likely to be associated with a shift in annual rainfall-runoff relationship?
The paper consists of an empirical analysis of annual hydrometric data supported by spatial information on catchment characteristics. This study is focused on the functional dependence of annual runoff on annual rainfall; however, clearly this annual interconnection represents the integrated effect of the changes in rainfall-runoff relationship at finer timescales. Also, while this study is based on catchments in south-eastern Australia, it is expected that the issues discussed will be relevant to catchments in other parts of the world, particularly in areas with temperate and semiarid climates and with high streamflow variability. Throughout this paper, the terms ''dry period'' and ''drought'' are used interchangeably and we provide a specific definition of drought in the methods section.
Methods

Study Area
This study is based on rainfall and runoff records from south-eastern Australia. To minimize the potential impact of direct human influences on the flow, we used largely unimpaired catchments with no major disturbances on the flow, such as reservoirs or irrigation schemes, and only minor urbanization or forestry. Historically, land cover in many nonmountainous catchments has changed from forested to agricultural landuse, but most of these changes occurred before flow observations began in most catchments. Recently, this region experienced an approximately decade-long drought that was relatively stable both temporally and spatially. The study catchments are situated on either side of the Great Dividing Range, extending from southern South Australia through Victoria and New South Wales to southern Queensland. Many of the catchments have their headwaters in mountainous areas. The study area was chosen to cover the main runoff generating regions of the Murray-Darling Basin (MDB) and the more densely populated south-east coast of Australia. A map of the region with locations of study catchments is presented in Figure 2 .
The study area exhibits a wide range of topography, geology, land cover, climatic conditions, and hydrological regimes. Climatically, the catchments have a temperate climate with rainfall occurring throughout the year (Cf K€ oppen-Geiger type) [Peel et al., 2007] . The northern catchments have hot summers (Cfa K€ oppenGeiger type) and a slight tendency toward summer rainfall, while the southern and mountainous catchments have warm summers (Cfb K€ oppen-Geiger type). In terms of hydrological regime, the northern catchments tend to have more runoff in summer months, whereas the southern catchments have winter dominated runoff regimes. In more elevated catchments, peak flow usually occurs in early spring. Some catchments in the south-eastern corner of the study area have peak runoff in autumn, while a few catchments across the study area have a uniform seasonal distribution of runoff, i.e., they have runoff events occurring throughout the year. There is no snowmelt in the majority of these catchments. Even where snowmelt is present, it does not play a major role, as none of the catchments have mean elevation above 1500 m (seasonal snow line in the coldest part of the study area) and only 18 catchments have their highest points above this elevation.
Data
In this study, we use the following data: (1) daily rainfall; (2) daily gauged runoff; (3) catchment characteristics, and (4) daily potential evapotranspiration (PET). Daily rainfall data were derived from the SILO Data Drill (www.longpaddock.qld.gov.au/silo, Jeffrey et al. [2001] ), which provides rainfall interpolated from point measurements and presented at 0.05 resolution. The gridded rainfall data were aggregated to the catchment scale. At each station, the rainfall record was trimmed to correspond to the available streamflow record, as only data points with both rainfall and runoff were used in both the statistical testing part of this study and for the calculation of mean annual rainfall. Streamflow and catchment data used in this study were collected initially for The Murray-Darling Basin Sustainable Yields Project [CSIRO, 2008] , and then updated and used for other projects (for details see Vaze et al. [2010a Vaze et al. [ , 2010b ). PET records (Morton's wet environment areal evapotranspiration over land [McMahon et al., 2013; Morton, 1983] ) were obtained from SILO Data Drill. PET is spatially consistent at the catchment scale, so time series for the grid cell closest to the centroid of each catchment were used without any aggregation over the catchment area.
The data set includes 228 catchments from south-eastern Australia (East Coast and Murray-Darling Basin water divisions) that are unregulated, relatively unimpaired, not nested, and with catchment areas between 50 and 2000 km 2 ( Figure 2 ). Time series lengths range from 19 to 94 years, with a median record length of 51.5 years. For the main part of the analysis, daily data were summed to months, seasons, and calendar years. Months having more than 3 days of missing streamflow data and years having more than 15 days (4.1%) of missing stream data were excluded from the record. Smaller gaps were infilled based on the average daily flow of the current month. The SILO meteorological data are complete (no missing data). From an initial set of 228 catchments, a subset of 139 were identified as having extended dry periods (see next section) and analyzed further. The characteristics of this subset of catchments are summarized in Table 1 .
Drought Definition
In this study, we define drought based on annual rainfall for three reasons. First, rainfall is the primary driver of the drought and, second there are gaps in our streamflow data, which are unsuitable for running window or step-based processing algorithms. Third and most importantly, we are interested in testing whether the runoff response differs for long droughts and therefore the runoff should not be used to define the drought.
Several algorithms for drought period delineation (both step-based and moving window) were tested using combinations of dry run length, dry run anomaly (relative to the median or mean), and various boundary criteria. Sensitivity analysis of the results to the drought definition algorithm (described later) showed some minor dependence on the algorithm but the main results were robust to the choice of drought definition algorithm. The final algorithm selected is as follows.
Annual rainfall anomaly data were calculated relative to the annual mean (see above), the anomaly series was divided by the mean annual rainfall and smoothed with a 3 year moving window. Smoothing was applied to avoid single wetter years interrupting a long and significantly dry period. Initially, all periods of consecutive smoothed negative anomalies were identified. To reduce the blurring effect of the moving window, the exact end date of the dry period was determined through analysis of the unsmoothed anomaly data from the last negative 3 year anomaly. The end year was set as the last year of this 3 year period unless:
1. there was a year with a positive anomaly >15% of the mean, in which case the end year is set to the year prior to that year; or 2. if the last two years have slightly positive anomalies (but each <15% of the mean), in which case the end year is set to the first year of positive anomaly;
The start year of the drought period has not been adjusted in a similar way to allow for abrupt or gradual onset of the drought. The first year of the drought remained the start of the first 3 year negative anomaly period.
To ensure that the dry periods are sufficiently long and severe, in the subsequent analysis, we only use dry periods with the following characteristics:
1. Length 7 years; 2. Mean dry period anomaly < 25%.
An example time series with drought periods identified by the algorithm described above is shown in Figure 3 .
Statistical Tests
In this analysis, annual rainfall data are assumed to follow an approximately normal distribution (for testing of this assumption, see section 3.4. below). However, annual runoff data are typically skewed, so they were transformed with a Box-Cox transformation [Box and Cox, 1964] . After transformation, the runoff data follow an approximately normal distribution and the rainfall-runoff relationship becomes linear, which increases the applicability of many parametric statistical techniques.
The hypothesis tested in this analysis is that the rainfall-runoff relationship during a particular dry period is different to the rainfall-runoff relationship for the rest of the record. The model we use is:
where Q is annual runoff, P is annual rainfall, I is a drought indicator (set to 1 for years of a single dry period of interest and 0 for all other years including other dry periods), a 0 is the intercept of the general regression line, a 1 and a 2 are regression coefficients, and e is the residual from the regression. A t-test on a 1 (the coefficient for the drought indicator) is applied to test the null hypothesis that a 1 50 against the alternative that a 1 6 ¼0.
The runoff record may not be complete, so to avoid running the test with a small number of points in one of the subsets, tests were only run for cases with at least five runoff data points in the smallest subset. Where multiple dry periods existed for a single catchment, they were examined separately.
For many of our records, residuals from the regression were found to be autocorrelated. Autocorrelation in the residuals leads to the incorrect estimation of variance of the estimated regression coefficients, hence possible overestimation of the test significance. To correct for this, all variables were transformed following the method recommended by Haan [2002, p. 258] , so the variable at each time step is reduced by the value of autocorrelation multiplied by the variable at the previous time step. This approach diminishes autocorrelation in the residuals series, bringing it to 0 for the full record. In the case of gaps in the record, we used the mean of the variable series wherever the value of the variable at the previous time step was not available. The autocorrelation of the residuals was calculated following Wallis and O'Connell [1972, equation (3) ].
Collective statistical significance (or field significance) over the whole set of catchments was evaluated through the False Discovery Rate (FDR) approach [Benjamini and Hochberg, 1995] , which, compared with other options, is powerful and insensitive to the spatial correlation of the test results [Wilks, 2006] . Dry periods where a statistically significant shift in the rainfall-runoff relationship was identified were examined further to determine which catchment characteristics and dry period characteristics were associated with a shift in the rainfall-runoff relationship. Biophysical catchment characteristics considered included catchment area, mean elevation and slope, plant available water capacity, % woody cover, and long-term average annual hydroclimatic characteristics: rainfall, runoff, potential evapotranspiration, maximum and minimum daily temperature, mean runoff ratio, rainfall seasonality, and base flow indices. Dry period characteristics were calculated from the subset of data covering only the dry period and these included length of the dry period, annual, seasonal, and wet day rainfall anomalies, % change in annual and monthly coefficients of variation, maximum and minimum temperature anomalies, and potential evapotranspiration changes. Subsets of corresponding characteristics for cases with and without a significant shift were compared using the Kolmogorov-Smirnov two sample test of cumulative distributions accompanied by visual examination of graphical results. The KolmogorovSmirnov two sample test was chosen since it is recommended for populations with unknown or nonnormal distributions [Haan, 2002] and our data subsets had a number of nonnormal distributions. 
Magnitude of Shift
The magnitude of the shift in the rainfall-runoff relationship was estimated as the difference between the annual runoff estimate from equation (1) with I50 and I51, for a characteristic annual rainfall during drought. The magnitude is calculated for a particular annual rainfall value due to the nonlinear nature of the rainfall-runoff relationships in the nontransformed space. Calculations made with the minimum annual rainfall will likely result in underestimation of the drought magnitude, while the average annual rainfall will lead to overestimation of the magnitude of shift. So, the characteristic drought rainfall was calculated as half the sum of the mean annual rainfall and the minimum annual rainfall, where the mean and minimum rainfalls were calculated for all years included in the regressions. The results were transformed back to the original rainfall space with the reverse Box-Cox transformation, and the difference was calculated and used to represent the shift in rainfall-runoff relationship. The relative magnitude was defined as this difference divided by the expected runoff for the characteristic annual rainfall with I50.
Results
Do Rainfall-Runoff Relationships Change?
From the initial data set of 228 catchments, about 40% of catchments lacked a sufficiently long, persistent, and severe rainfall drought during their streamflow measurement history. These catchments were not considered in the following analysis, which is based on the remaining 139 catchments where one or more dry periods of interest were detected in the rainfall time series.
The t-test was applied to 158 dry periods of which 124 occurred during the Millennium drought and 34 occurred prior to the Millennium drought (Table 2) . In 17 catchments, more than one dry period was detected; usually the Millennium drought and one or two dry periods prior to it. In total 73 (46.2%), dry periods were found to have a significant change in the rainfall-runoff relationship. After field significance testing with the FDR procedure, 34.2% of individual test results were also globally significant, which allows us to confidently reject the global null hypothesis that the annual rainfall-runoff relationship during drought is the same as during nondrought periods. Nearly all of the significant dry periods (69 of 73) occurred during the Millennium drought resulting in 56.5% of the 124 Millennium drought dry periods having a significant change in rainfall-runoff relationship. Moreover, 48.4% of individual test results were found to be significant under the global null hypothesis for this drought (i.e., using the FDR test). For dry periods prior to the Millennium drought, only 3 (8.8%) were found to have a significant change in rainfall-runoff relationship and only one of those was also globally significant. Figure 4 illustrates the range of changes in rainfall-runoff relationship under sustained rainfall reduction. In catchment 203030, no significant change was detected. The dry period regression line deviates from the overall regression, but not significantly. In catchment 206009, the line representing the dry period is shifted upward significantly, according to the statistical test. That means that during the drought runoff reductions were smaller than expected based on the rainfall reductions. This situation only occurred 5 times (identified below). Finally, catchment 405212 exhibits a downward change in the rainfall-runoff relationship. In this case, the dry period regression line lies lower than nearly all the other points indicating unprecedentedly low runoff generation rates for the given rainfall.
As the Millennium drought was experienced throughout the study area, it is possible to explore the spatial distribution of the catchments where changes in the rainfall-runoff relationships were detected for (Table 3) . Sixty-eight of the 73 dry periods with significant shifts in the rainfallrunoff relationship were found to have less runoff than the historical relationship suggests. Looking at all 158 dry period-catchment combinations, nearly 80% experienced some downward shift in the best-fit rainfall-runoff relationship during extended dry periods. This means that persistent drought results in lowered runoff generation rates for similar rainfall amounts. Thus in a sequence of years with reduced rainfall (noting that here the dry period was defined based on rainfall), we would expect not only lower runoff due to the lower rainfall, but also less runoff than would be expected from the historical functional dependency of runoff on rainfall.
There are five cases with an upward shift (Tia River at Tia: 1936 Tia: -1948 Barnard River at Barry: 1962 -1976 Rouchel Brook at Rouchel Brook: 1937 -1948 ; Aberfeldy River at Beardmore: 1994 Beardmore: -2008 ; Angas River at Angas Weir: 1995-2004), two of which occurred during the WWII drought (circa 1937-1945) , and two during the Millennium drought. The statistically significant upward change is seen in 3% of catchment-drought combinations. Given this, it is not clear whether the upward shifts are real or just sampling fluctuations.
The shift in the annual rainfall-runoff relationship was analyzed for the Millennium drought and other droughts separately, as statistically significant shifts in these two groups exhibit opposite directions. Figure  6 presents histograms of shifts in the annual rainfall-runoff relationship at the characteristic rainfall for cases with statistically significant (t-test result < 0.05) and insignificant (t-test result > 0.05) change in the rainfallrunoff relationships. The magnitude of change reflects deficit in runoff over and above that due purely to the lower rainfall, i.e., it reflects the shift in the rainfall-runoff relationship.
For the Millennium drought, the magnitude of shift expressed in millimeters is skewed toward negative values for both the significant and insignificant groups. However, the mode for the catchments with no change is located in the vicinity of 0 mm (no shift), and for the catchments with significant shift detected, the mode is near 210 mm. Relative magnitudes show how the shift compares to the expected dry period flow, i.e., the characteristic runoff of the dry period. The empirical distributions of the relative shifts appear quite different for cases with and without change. The distribution for the catchments with a significant shift in rainfall-runoff relationships is smoother with mode stretching from 230 to 270 % of additional runoff reduction and limited tails (due in part to bounding at 2100%). For droughts other than the Millennium drought, the distribution for cases with no statistically significant shift is centered on 0 when the shift is expressed both as percentages and as millimeters. For significant shifts, the changes are positive rather than negative; however, there are only three of these cases (identified above).
Catchment Properties and Drought Characteristics Associated With Shifts 3.3.1. Biophysical Catchment Characteristics Associated With Shifts
Here we investigate whether change in rainfall-runoff relationships is associated with particular biophysical catchment features, i.e., is the change more likely to occur in catchments with certain characteristics? To minimize the difference between droughts in this part of our analysis, we concentrate on the Millennium drought, as this dry period was experienced in the vast majority of catchments in a relatively consistent Figure 5 . Map of catchments with and without significant change in rainfall-runoff relationship during the Millennium drought. way, which was not the case for other dry periods. Nevertheless, it is important to note that meteorological conditions during the Millennium drought did vary between catchments.
Two subsets of catchments were formed based on the behavior of the rainfall-runoff relationship during the Millennium drought. One subset consisted of catchments with statistically significant change (always downward) in the rainfall-runoff relationship at the 5% significance level. The other subset consisted of catchments that clearly did not experience a significant change, those with a t-test p-value greater than 0.3. Catchments where the t-test probability was between 0.05 and 0.3 were excluded to improve the robustness of our comparison. We then compared the distributions of various catchment characteristics between these two populations visually (see Figure 7 for statistically significant results and supporting information for statistically insignificant results) and using the Kolmogorov-Smirnov two sample test.
In general, significant change was more likely to occur in more arid catchments (i.e., catchments with lower average rainfall, runoff, and runoff ratio), and also in larger, flatter and less forested catchments (Kolmogorov-Smirnov test p < 0.05). It should be noted that some of these characteristics are somewhat correlated (Table 4) . Despite association with some aridity characteristics above, potential evapotranspiration (PET) is not significantly different between catchments with or without change (Figure 1 in supporting information) . At the same time, catchments which experienced change are usually warmer (i.e., have higher maximum daily temperature). Elevation, base flow index, mean plant available water-holding capacity, and seasonality index (the ratio of wettest six continuous months rainfall to driest six continuous months rainfall) were found not to be relevant to the change occurrence (Kolmogorov-Smirnov test p > 0.05). It is important to note here that the scatter within a subset is generally larger than the difference between the two subsets (see Figure 7 and supporting information). So, in most cases for any given value of a particular characteristic, we see significant change occurring in some catchments with this value and nonsignificant change in other catchments. 
Drought Characteristics Associated With Shifts
Utilizing the same approach as in the previous section, we looked for possible associations between significant rainfall-runoff relationship change and dry period meteorological characteristics. The KolmogorovSmirnov two sample test results are insignificant for all the dry period characteristics investigated, except monthly rainfall variability (see supporting information for related figures). The rainfall anomaly, our estimate of storminess anomaly (% change in average wet day rainfall calculated for all days with more than 2 mm of precipitation), and % change in our seasonality index are not significantly different between catchments with and without change. Change in the rainfall-runoff relationship was not related to drought length for dry periods of 7 years or longer. While drought anomalies for PET, maximum and minimum daily temperatures were not statistically significantly different between the subsets, the change in PET during the drought was larger in catchments experiencing a shift, and the change in minimum temperature was smaller in catchments experiencing a shift. It is of note that average annual PET anomalies during the long dry periods were relatively small, around 1-2%. Interannual climate variability (% change in annual rainfall coefficient of variation, C v ) was very similar between catchments with and without change. The decrease in monthly rainfall variability (% change in monthly rainfall C v ) was less in catchments with changes in rainfallrunoff relationship than in catchments without change.
None of the seasonal rainfall declines are significantly different between catchments with and without the change. Looking at the four seasons together, it is clear that the Millennium drought was characterized by large proportional reductions in autumn rainfall and smaller reductions during the other seasons, but the large decreases in autumn rainfall are common across both groups of catchments.
Sensitivity to Methodological Choices
This section examines potential effects of the choices made in the drought detection algorithm and the rainfall-runoff fitting approach to determine how robust our results are. Several variants of the drought detection algorithm were tested by: (1) varying the minimum dry run length; (2) using either the median or mean rainfall anomaly as a drought magnitude threshold; (3) varying the drought magnitude threshold; and (4) varying the end adjustment criteria. The impact on the number of catchments with significant shifts in the rainfall-runoff relationship was assessed for these different variations of the algorithm. Figure 8 shows the impact of the threshold for the minimum length of the drought on a number of algorithms used. Lines a-e are variants on the algorithm used for the main results (line d), while f and g are for a step-wise algorithm. In the stepwise algorithm, drought started either at an annual anomaly < 210% or 2 years having negative anomalies summing to < 210%, and ended with either any year having a 120% anomaly, two sequential years both with >110% anomaly, or three sequential years all showing positive anomalies. For the stepwise algorithm, there is no end adjustment or smoothing. For both types of algorithm, a criteria of >70% of years with negative anomaly was also used in some cases. All other criteria were as described in the methods section. Figure 8 is focused on the drought length criteria, but we iterated the other criteria in a similar manner (not shown) and saw similar tendencies to those presented. Often, but not always, application of a ''stricter'' algorithm that provided a smaller number of identified dry periods lead to an increase in the proportion of periods with statistically significant shifts in rainfall-runoff relationship. Nevertheless, the results were relatively stable across the range of possible criteria values. In the end, the algorithm described in the Methods section was the most robust out of the options considered and provided stable results (i.e., is less sensitive to the small variations in boundary criteria).
Another possible influence on the results is the potential for the high rainfall years to influence the regression fit and thus the test results. Application of the Box-Cox transformation aims to linearize the relationship and avoid the issue, but if linearity cannot be achieved, this might affect the test results. To check this potential effect, we recalculated the regressions using only years with rainfall comparable to the range in the drought period. In doing so, we found very similar results to those obtained with all the data. The correlation coefficient between the two sets of t-test p-values was 0.95 and the difference between percentages of significant outcomes was only 3%.
We also checked the assumption of normality of rainfall series used for the main analysis with the ShapiroWilk test [Shapiro and Wilk, 1965] , and found that in 85% of the catchments the normality assumption holds. We then checked whether these results are field significant and found that in all cases but one (i.e., in 99.3% of the cases) the departure from normality is not field significant. In addition, we explored whether significant changes are more common in catchments with nonnormal rainfall distribution. We saw significant change 9 out of 21 (or 42.9%) catchment-drought combinations, which is a lower proportion than the overall data set. Therefore even from a conservative position, nonnormality of rainfall series in some catchments did not increase the number of significant outcomes in change testing.
Finally, we examined the influence of the minimum record length for inclusion of a catchment and found that the results were very consistent when we used minimum record lengths of 20, 25, or 30 years (within 1% difference), and 35 or 40 years (within 3% difference). To maximize the number of cases analyzed, no additional limitations on length of the record were employed.
Discussion
Our results support the hypothesis that under certain circumstances multiyear drought leads to statistically significant changes in the rainfall-runoff relationship. In our study, 43% of dry periods were found to have a statistically significant downward shift in the rainfall-runoff relationship and 78.5% of dry periods had some downward shift in the best fit rainfall-runoff relationship, either significant or insignificant. Statistically significant downward shifts were much more common during the Millennium drought than during other prolonged dry periods.
Our study detected fewer changes in rainfall-runoff relationship during the Millennium drought than , who reported 64.7% of their catchments had experienced a significant change. Our results demonstrate that only 56.5% of catchments experienced change, which is similar to given the differences in the test used, autocorrelation correction applied, catchment selection, data set size, data completeness, and drought definition.
Exogenous and Endogenous Mechanisms Potentially Responsible for the Shift in Rainfall-Runoff Link
Our results suggest that during sustained dry periods, changes in hydrologic processes reflected by the rainfall-runoff relationship are mainly driven by mechanisms endogenous to the catchment, rather than exogenous. Surprisingly, for the droughts considered here (i.e., 7 years), drought climatic metrics, namely rainfall reduction during the drought and drought length, were not found to be related to the change in the rainfall-runoff relationship. Also, the spatial distribution of catchments with and without change showed little large-scale pattern. The Millennium drought was most severe (in terms of return period of both meteorological and hydrological anomalies) in the southernmost parts of the Murray-Darling basin, and both rainfall deficits and streamflow reductions showed very consistent spatial behavior in the southern MDB [Potter et al., 2010] . However, changes in the rainfall-runoff relationship do not follow the pattern of rainfall or runoff reductions, or any other large-scale spatial pattern ( Figure 5 ). Thus, local catchment properties, either individually or in combination, control changes in the rainfall-runoff relationship more than the severity of the meteorological drought. This indicates that catchments exhibit differing sensitivity (or resilience) of catchment dynamics to prolonged drought. We now discuss a range of exogenous and endogenous mechanisms and their potential influence over runoff generation changes.
Potential Exogenous Mechanisms
Exogenous mechanisms potentially responsible for greater runoff reductions during the Millennium drought have been suggested in the literature. One was that drought severity was exacerbated by high temperatures, which translated into increased PET and aggravated streamflow decline [Murphy and Timbal, 2008; Nicholls, 2004] . However, Lockart et al. [2009] offered an alternative explanation, arguing that increased temperature was caused by sensible heat flux from the dry soil due to a lack of actual evapotranspiration. So, increased temperature may (or may not [Roderick and Farquhar, 2004] ) lead to higher PET; and higher PET does not necessarily result in higher actual evapotranspiration. We did not find that the shift in the rainfall-runoff relationship related to either the temperature or PET anomalies during the drought, so we cannot attribute this shift to higher temperature or increased PET.
Another possible exogenous factor suggested is a greater persistence of dry conditions during the Millennium drought [CSIRO, 2010 [CSIRO, , 2012 Murphy and Timbal, 2008] . We observed a statistically significant difference in the coefficients of variation of annual and monthly rainfall between the Millennium drought and other droughts (Figure 9 ). However, during the Millennium drought, the change in rainfall-runoff relationship was not associated with differences in the change in rainfall variability on annual scale, and on monthly scale rainfall variability actually decreased less in catchments with change (see supporting information). It has also been found that rainfall intensities reduced during the Millennium drought [Verdon-Kidd and Kiem, 2009b] , which could potentially reduce runoff. While we found that wet day rainfall totals did indeed reduce in our catchments, again, there was no difference in this reduction between catchments with and without change, so we cannot attribute the changes in rainfall-runoff response to reduced intensity.
Another suggested reason for the Millennium drought leading to disproportionately larger runoff deficits is that large reductions in autumn rainfall translate into disproportionately larger decreases in winter and annual runoff across catchments in south-eastern Australia Verdon-Kidd and Kiem, 2009b] . Consistent with the literature, we did observe a large decrease in autumn rainfall during the Millennium drought (see supporting information); however, we did not observe a statistically significant difference in the decrease in autumn rainfall between catchments with and without change in the rainfall-runoff relationship-in fact the distributions of the two groups appear very similar (supporting information). Therefore, although the Millennium drought had a severe decline in autumn rainfall, no evidence was found to link this decline to larger than expected reductions in runoff.
As a final point, it is worth noting that many of the above exogenous factors can be present in both short and long droughts. For example, anticyclonic conditions are common for short dry periods. Thus, the influence of some of these exogenous factors is already incorporated into the lower part of rainfall-runoff curve.
Potential Endogenous Mechanisms
Association of shifts in rainfall-runoff relationships and certain catchment characteristics (i.e., drier, less forested, flatter) indicates that endogenous factors play a leading role. This does not necessarily mean that there is no impact from exogenous factors, but any such impact seems to be obscured by the prevailing influence of endogenous mechanisms. In other words, some catchments may be more vulnerable (less resilient) to drought pressure than other catchments due to their biophysical structure. For example, drier catchments with less woody cover may be more sensitive to meteorological changes, particularly smaller storms. It should be noted that groundwater, soils, and vegetation are interrelated, thus changes might emerge due to interactions between them.
The Millennium drought led to widespread groundwater declines [Chiew et al., 2014; Van Dijk et al., 2011] . The adverse impact of groundwater drought on streamflow Petrone et al., 2010; Van Lanen et al., 2013] is well known and usually related to intensification of losing conditions. We found that the probability of change was related to catchment flatness. It is possible that steeper catchments mostly maintained gaining conditions, whereas flatter areas were more likely to transition from gaining to loosing conditions and from connected to disconnected streams as the drought persisted [Parsons et al., 2008] . Shallow groundwater in flatter catchments could also play a role in sustaining deep soil moisture, facilitating restoration of connected soil moisture patterns [Chiew et al., 2014; Petheram et al., 2011] . The timescale of soil moisture reorganization patterns is usually in the order of a few months or less [Grayson et al., 1997; Western et al., 2002] , so the soil in the catchment should be expected to be similarly dry during single years and multiyear droughts. However, most of the studies on soil moisture patterns cover only the top 30 cm or so (rarely up to 100 cm) of the soil. Given that the response time increases with depth [Grayson et al., 1997] , the role of macropores and preferential pathways [Angers and Caron, 1998 ] and the influence of altered shallow groundwater, it is possible that in some catchments deep soil moisture only declines substantially during sustained long dry runs, causing the shift in catchment hydrological behavior.
Repetitive or persistent drought greatly amplifies the stress on vegetation communities. It can cause a progressive loss of resilience [Lloret et al., 2004; Mueller et al., 2005] , which results in plant mortality (including trees) [Hanesiak et al., 2011; Mueller et al., 2005; Pennington and Collins, 2007] and changes in species composition [Allen and Breshears, 1998; Mueller et al., 2005] . Pronounced changes in vegetation composition and biomass beyond those experienced during shorter droughts might cause shifts in the rainfall-runoff relationship. However, the literature suggests that tree die-off can lead to either an increase or decrease in streamflow [Adams et al., 2012; Guardiola-Claramonte et al., 2011] , probably depending on forest restoration dynamics and the abundance of water-consuming regrowth in particular [Brown et al., 2005] . We observed that drier and hotter catchments with less woody coverage were associated with a shift in rainfall-runoff relationship. So, it could be hypothesized that more tree die-off happened in drier and hotter catchments, whereas tree die-off in wet catchments was not widespread, or occurred later during the drought. This would imply that vegetation in wetter catchments was able to withstand long dry periods, and vegetation in drier catchments was less resilient. This is a plausible assumption, as in more arid areas plants already operate close to maximum possible water use efficiency, whereas wetter communities can converge to this maximum efficiency during dry spells [Huxman et al., 2004; Ponce Campos et al., 2013; Risser, 1995] . Tree mortality could also be more of an issue in some (likely more arid) catchments due to falling groundwater levels. One factor countering these arguments is that changes in rainfall-runoff response were more likely in catchments with low coverage of woody vegetation. Overall, the relationship found between more likely change in hydrological behavior and catchment aridity is in accordance with other studies [Donohue et al., 2012; Petheram et al., 2011; , but establishing the specific cause of this association is difficult and remains an area for future research.
When analyzing catchment characteristics which are more likely to be associated with change, it is important to be mindful that catchment characteristics are often interrelated (see correlation matrix, Table 4 ).
Water Resources Research
10.1002/2014WR015348
SAFT ET AL.
V C 2015. American Geophysical Union. All Rights Reserved.
Catchment properties associated with change, namely mean annual rainfall, mean slope, and % woody cover are interrelated. One might also have expected that low elevation catchments are flatter, more arid, and have a lower proportion of woody cover; however, in this study, elevation did not have a strong correlation with these factors and was irrelevant to the probability of detected change. Given the range of climatic, geomorphic, and other conditions in the study catchments, there is likely to be more than one physical mechanism driving similar shifts in the rainfall-runoff relationship.
Implications of Changes in Rainfall-Runoff Relationship Induced by Prolonged Drought
Shifts in the annual rainfall-runoff relationship cast doubt on the implicit assumption of stability of catchment functioning over long timescales. This assumption is known to be violated in cases of land use change, particularly deforestation and reforestation, where the change in land use alters catchment evapotranspiration and consequently catchment runoff [Brown et al., 2005; Zhang et al., 2001] . This study demonstrates that sustained precipitation shifts also have the capacity to modify catchment water balance. Our findings also place limitations on application of sensitivity methods such as nonparametric elasticity estimators [Sankarasubramanian et al., 2001] or Budyko-like frameworks [Dooge et al., 1999; Zheng et al., 2009] for quantification of climate-induced changes in streamflow. Spatial studies based on large collections of catchments have shown that catchment elasticity is directly related with catchment aridity [Chiew et al., 2006; Sankarasubramanian et al., 2001] . In a temporal context, streamflow elasticity is likely to increase during prolonged periods of rainfall deficit.
Contemporary modeling tools offer a more sophisticated alternative to simple sensitivity-based methods. Conceptual rainfall-runoff models are widely used in operational practice and for scientific purposes. Potentially these models can simulate streamflow changes related to the impacts of exogenous factors (e.g., changes in rainfall variability) adequately. However, as this class of models heavily relies on use of fixed historically calibrated parameters, their use contains an implicit assumption of stationary hydrologic properties of a catchment. Conversely, the longer-term shift in rainfall-runoff relationship and its association with certain catchment characteristics suggests that hydrologic properties of a catchment may change during droughts. The ability of these models to simulate climatically different conditions should be proven in differential split-sample testing [Kleme s, 1986] , especially for climate change impact studies. However, the literature demonstrates that the predictive power of these models decreases if the climate of the simulation period differs from the calibration period [Coron et al., 2012; Merz et al., 2011] , especially when dry period conditions are simulated [Vaze et al., 2010a] . Chiew et al. [2014] found that models calibrated before the Millennium drought provided heavily biased estimates during that drought. These modeling issues are very likely to be at least partially caused by changes in rainfall-runoff relationships. The lack of capacity of current rainfall-runoff models to deal with longer term endogenous influences in response to changed climatic conditions can be inferred from the fact that these models have static parameters and limited dynamical timescales (the longest being groundwater recession with a timescale of typically 10-100 days). If modeling techniques fail to predict runoff accurately when the rainfall-runoff relationship changes, then the shift in rainfall-runoff relationship will lead to a divergence between runoff expectations and the actual amount of water in streams, impacting on water resources planning and operation. This suggests a need for modelers to revisit their typical working assumptions regarding stationarity.
Obviously, having less runoff than expected is already a problem for water management, but there are two factors which make this situation worse. The first is that the shift in rainfall-runoff relationship is droughtinduced, i.e., incorrect expectations will cause problems at the worst possible time, when water planners are already challenged by managing the reduced resource. The second factor is that the issues discussed will occur first in already water-scarce areas, as we found that the likelihood of shift is associated with the drier catchments. These issues are likely to also arise in other water-limited parts of the world.
In this study, we looked at temporal shifts in climate that have been experienced. In the future, more sustained or more severe climate shifts may appear. Such shifts are likely to induce even bigger or more widespread changes in rainfall-runoff relationships.
Conclusions
The Millennium drought presents an unusual case of sustained multiyear drought. Significantly changed rainfall-runoff relationships were detected for 46.2% of catchments, with most of these changes occurring in the Millennium drought. Rainfall-runoff relationship changes consistently resulted in runoff reductions for a given rainfall. However, not all catchments were equally susceptible to meteorological drought pressure. Generally larger catchments with a drier climate, lower slope, and lower proportion of forest cover had a higher likelihood of change in the rainfall-runoff relationship during the prolonged dry period. Our results suggest that catchment characteristics have a stronger association with changing rainfall-runoff relationships than the meteorological characteristics of the dry period.
We conclude that multiyear changes in climate can alter the annual rainfall-runoff relationship from the historical state. Long-sustained droughts tend to result in lower runoff than the historical relationship suggests. Deviation from the historical functional dependency of runoff on rainfall confirms that processes operating on longer (interannual) temporal scales influence runoff generation. This has serious implications for water resources risk management.
